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Abstract
Two stalks link the F1 and F0 sectors of ATP synthase. The central stalk contains the Q and O subunits and is thought to
function in rotational catalysis as a rotor driving conformational changes in the catalytic K3L3 complex. The two b subunits
and the N subunit associate to form b2N, a second, peripheral stalk extending from the membrane up the side of K3L3 and
binding to the N-terminal regions of the K subunits, which are approx. 125 Aî from the membrane. This second stalk is
essential for binding F1 to F0 and is believed to function as a stator during rotational catalysis. In vitro, b2N is a highly
extended complex held together by weak interactions. Recent work has identified the domains of b which are essential for
dimerization and for interaction with N. Disulphide cross-linking studies imply that the second stalk is a permanent structure
which remains associated with one K subunit or KL pair. However, the weak interactions between the polypeptides in b2N
pose a challenge for the proposed stator function. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
The high resolution structure of the mitochondrial
F1-ATPase published by John Walker and his group
in 1994 [1] held major implications for many aspects
of the enzyme, including physical features not re-
solved in the crystal structure. Previously it had
been expected that those subunits most strongly im-
plicated in binding the peripheral F1 sector to the
integral F0 sector, the two b subunits and N1, would
form the central stalk visible in electron microscopic
side-views of the enzyme. The structure revealed,
however, that the central stalk contained the Q sub-
unit, and by inference, the associated O subunit [2].
Evidence now indicates that the two b subunits and
the N subunit associate to form b2N, a second, periph-
eral stalk which extends from the membrane up the
side of K3L3 and binds to the N-terminal regions of
the K subunits at the top of F1 (Fig. 1). Based on
evidence from a number of laboratories, the QO stalk
extends from the c subunit oligomer of F0 up the
centre of the complex as seen in the crystal structure.
It is believed that proton £ow through F0 drives
rotation of the c12QO rotor relative to the a subunit
of F0 and the K3L3 complex of F1. The rotating,
asymmetric QO induces conformational changes in
the active sites of the L subunits, promoting the bind-
ing of substrate and the release of product, as postu-
lated in Paul Boyer’s alternating sites model [3]. The
second stalk is believed to serve as a stator, linking a
to K3L3 and preventing the latter from rotating along
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with QO. The purpose of this article is to review the
composition and structure of the second stalk of the
ATP synthase of Escherichia coli, the interaction of
the structure with other components in the F1 and F0
sectors, and progress in elucidating or demonstrating
its function. As another recent review of the second
stalk [4] focussed on the N subunit, the present review
will emphasize the b subunit.
The simplest second stalks are found in nonpho-
tosynthetic prokaryotes, and are composed of two
copies of the b subunit of F0 and one copy of the
N subunit of F1, as described above for E. coli. In
contrast photosynthetic prokaryotes encode two dif-
ferent b-type subunits, with the additional subunit
denoted bP. In the chloroplast enzyme, the corre-
sponding polypeptides are called subunits I and II.
It is expected that one copy of each of the two b-type
subunits is present in the synthases of these organ-
isms, but this is established biochemically only for
the chloroplast enzyme [5]. The second stalks of mi-
tochondrial synthases are more complex, containing
one b-type subunit, the mitochondrial analog of the
N subunit of bacteria and photosynthetic organisms,
called OSCP (oligomycin sensitivity conferring pro-
tein), and a number of smaller polypeptides [6,7], one
of which may be expected to take the place of the
cytoplasmic domain of the second b subunit of bac-
teria.
2. The sequence of b
Most b-type subunits contain between 150 and 170
amino acid residues. A distinguishing feature, ¢rst
pointed out by Walker et al. [8] for the prototypical
E. coli subunit containing 156 residues, is an N-ter-
minal membrane-spanning sequence followed by a
polar, highly charged domain which is predicted to
be largely helical. The predicted helices are mostly
amphipathic, sometimes displaying a heptad pattern
suggestive of a coiled coil. While these features are
generally evident in sequences from other organisms,
b is the least conserved of the ATP synthase subunits
and b subunits of mitochondrial synthases are only
distantly related to all others. A particular di¡erence
is that the N-terminal sequences of mitochondrial b
subunits contain two consecutive membrane-span-
ning helices.
3. Structure of the membrane-spanning domain of b
The structure of residues 1^34 of E. coli b, con-
taining the membrane-spanning domain, dissolved in
chloroform/methanol/water has recently been deter-
mined by Dmitriev and co-workers [9] by multidi-
mensional NMR spectroscopy. In the structure, the
highly nonpolar region containing residues 4^22
form an K-helix, residues 23^26 (KYVW) produce
a bend of about 20‡, and residues 27^34 again
form an K-helix. The bend was suggested to be posi-
tioned at the surface of the lipid bilayer. The b sub-
units present in membrane-bound ATP synthase can
be linked through disulphides formed between cys-
teines introduced in position 2, 6 or 10, implying that
the membrane domains of b are closely associated as
depicted in Fig. 1.
4. The cytoplasmic region of b
As yet, no high resolution structure of the cyto-
plasmic region of E. coli b is available. Three di¡er-
ent crystal forms of the cytoplasmic domain have
been obtained, but none di¡ract X-rays to high res-
olution (L.T. Delbaere, S.D. Dunn, unpublished ob-
servations). The b subunit is also a challenging sub-
ject for NMR analysis because of its size, its high
degree of extension, and its dimeric nature. Our
present knowledge of the structure of b is therefore
derived from lower resolution approaches including
deletion analysis, analytical ultracentrifugation,
chemical cross-linking, circular dichroism spectros-
copy, and analysis of propensities for disulphide
bond formation.
The expressed polar domain of b exists in solution
as a dimer [10]. The molecular weight of b25ÿ1562
measured by sedimentation equilibrium is close to
the expected dimer value of 31 000, but the protein
elutes from a size exclusion column with an apparent
weight of 85 000, indicating a high degree of exten-
sion. The frictional ratio measured by sedimentation
velocity is 1.9, again indicating a highly extended
2 Expressed polypeptides containing partial sequences of b
from residue x through residue y are denoted bxÿy. For example,
b25ÿ156 refers to a construct containing residues Trp-25 to Leu-
156 of the b subunit.
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structure, more like a ¢brous protein than a globular
one. Circular dichroism spectra indicate a highly hel-
ical protein. The expected role of the cytoplasmic
domain of b in binding F1 has been directly demon-
strated in several ways [10^12], indicating that it
forms an appropriate structure in solution, probably
similar to its structure in F0. Whether or not the
structure changes signi¢cantly upon interaction with
F1 is not known, but a variety of evidence suggests
that only the dimeric form of b interacts with F1
[13,14].
The simplest model for the structure of b2 is ex-
tension of the subunits as a pair of long helices. The
130 residues from Pro-27 to Leu-156 would form an
K-helix with a length of 195 Aî , whereas the N-termi-
nal parts of the K and L subunits at the top of F1 are
about 125 Aî from the membrane surface. While the
exact distance that b must reach to contact N is un-
certain, the 195 Aî potential length exceeds the re-
quired span, so it seems likely that a folded structure
will exist in some part of the subunit.
Sedimentation equilibrium studies carried out at a
range of temperatures have revealed that the cyto-
plasmic domain of b exists as a monomer/dimer equi-
librium, and that the dimer observed at 5‡C or 20‡C
can be converted to a predominantly monomeric
form by raising the temperature to 40‡C [15]. This
observation raises a question about how the polypep-
tide remains dimeric under growth conditions, nor-
mally 37‡C but sometimes as high as 42‡C. It seems
likely that the dimer present in ATP synthase [13,16^
18] will be stabilized by the proximity provided to the
cytoplasmic domains by the membrane anchors.
5. Domain structure of b
Recent work in our laboratory suggests that b
should be considered a four-domain protein, as rep-
resented in Fig. 2. This model is based upon analysis
of the native molecular weights exhibited by a num-
ber of deletion constructs in sedimentation equilibri-
Fig. 1. Subunit model of E. coli ATP synthase. The second
stalk composed of two copies of b and one of N is shown in
the darker shade. The N-terminal membrane domains of the b
subunits interact with a and possibly c. The b dimer is sug-
gested to extend up the K3L3 hexamer along an K/L interface.
The interface of b2 and N, composed of the C-terminal domains
of each subunit, is positioned near the top of K3L3. The N-ter-
minal domain of N is positioned in the top centre of the com-
plex, where it binds to the N-terminal segments of the K sub-
units.
Fig. 2. Proposed domain structure of the b subunit dimer. Dele-
tion analysis and cross-linking studies carried out by the au-
thors suggest division of the cytoplasmic portion of the b sub-
unit into three domains, with the approximate boundaries
indicated. The dimerization domain, contained within the se-
quence from Asp-53 to Lys-122, is proposed to exist as a pair
of closely associated helices. The C-terminal domain, containing
residues essential for the interaction with N, has a more folded
structure. The chains are close together in this region but do
not contribute strongly to dimerization. Little is known about
the structure of the residues between the membrane domain
and the dimerization domain, here denoted the tether domain;
the chains are depicted as being close together but may diverge
in this region.
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um experiments. A form shortened on each end,
b53ÿ122, formed dimers with an e⁄ciency close to
that of the complete soluble construct, b24ÿ156, imply-
ing that the dimerization domain of b is within this
central region [15]. The exact boundaries of this do-
main are not certain, but constructs beginning at res-
idue 67 [19], or ending at residue 114 [15] are mono-
meric. The frictional ratio of b53ÿ122, 1.66, implies a
degree of extension similar to that of a pair of paral-
lel, closely aligned helices, as in a coiled coil [15].
We have used the propensities of introduced cys-
teines to form b-b disulphides under selective condi-
tions to identify residues which are close together in
the dimer. Application of this technique to b24ÿ156
containing cysteines introduced individually at each
position from 103 to 110 revealed strong disulphide
formation between the subunits at position 105, and
weak disulphide formation at position 109 [15], con-
sistent with the presence of parallel helices. The N-
terminal end of the 53^122 region seems not to be
ordered in this way, as only relatively weak disul-
phide formation was found when similar tests were
carried out with cysteines introduced in positions 59^
65 [19].
The sequence between the membrane-spanning do-
main and the dimerization domain is denoted the
‘tether’ region. Very little is known about its struc-
ture, but mutagenesis analysis carried out in Brian
Cain’s laboratory has revealed some interesting fea-
tures. Mutation of the highly conserved Arg-36 res-
idue [20] causes both reduced assembly and function-
al defects, including uncoupling, of assembled
complexes. This residue lies in a potential site for
interaction with a polar loop of the a subunit. An
interesting set of b mutants in which multiple resi-
dues in the region between Ala-50 and Ile-75 were
deleted was also produced [21]. These deletions fall in
the region spanning the end of the tether domain and
the start of the dimerization domain. Deletion of two
or four residues, which would be expected to disrupt
the phase of a coiled coil, was without e¡ect. Up to
seven residues could be removed with no e¡ect on
function, and some function was retained with dele-
tions as large as 11 residues, although these required
overexpression. Since the mutations would be ex-
pected to shorten the second stalk, this result implies
the existence of £exibility, slackness, or the capacity
to stretch somewhere within the stalk.
The C-terminal sequence of residues 123^156 is
denoted the N-binding domain, based on the role of
the C-terminal residues in interaction with N [12]. A
close association of the two b subunits through this
domain is indicated by the formation of disulphides
between cysteine residues introduced individually
into position 124, 128, 131, 132, 139, 144, 146, or
156 [13,18,19]. In addition, the expressed cytoplasmic
domain containing a mutation of A128 to aspartate
has been shown to exist in solution as a monomer
[22]. While these data suggest that residues 124^132
are involved in the dimer interface, the observation
that they can be deleted without disrupting the dimer
[15] shows directly that they are not crucial in this
regard.
Presently, the N-binding domain is the one part of
the b subunit for which hydrodynamic evidence fa-
vours a folded structure. Deletion of just four resi-
dues from the C-terminus of soluble b causes a dra-
matic 23% decrease in the sedimentation coe⁄cient
of the isolated subunit, indicating an unfolding of the
C-terminal domain [12]. These residues near the C-
terminus are essential for the proper assembly of
ATP synthase in vivo [23] and for interaction with
F1 or N in vitro [12]. If the last ten residues of b form
a helix as predicted, it would be highly amphipathic
and may be critical to maintaining a folded b2 struc-
ture that is essential for proper interactions and as-
sembly.
One interesting question is how the structure of
isolated soluble b2 constructs di¡ers from that of b2
present in ATP synthase. Conformational changes
often occur when proteins interact, and one would
expect that since the extended b subunit lacks the
wealth of tertiary interactions which stabilize globu-
lar proteins, it would be more plastic than most, at
least in some regions. Rodgers and co-workers in the
Capaldi laboratory [13,18] have studied formation of
disulphides between cysteine residues in intact b sub-
units present in puri¢ed ATP synthase, using air
oxidation in the presence of various concentrations
of Cu2. Generally, their results agree with those
we have obtained using mutant forms of isolated
b24ÿ156 [15,19] in that both sets of experiments
show that disulphides can be obtained through cys-
teines introduced at a range of positions in b.
This ¢nding implies that the subunits adopt a
parallel arrangement through much of their
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length. Minor di¡erences can be found, but it is not
clear if these re£ect a change in structure or the dif-
ferent conditions used to induce disulphide forma-
tion.
6. The structure of N
Like b, the N-type subunits display a low level of
sequence conservation, and notable variation in
properties. Mitochondrial OSCP clearly corresponds
to bacterial N in sequence but it tends to remain with
F0 when the F1 sector is removed from membranes,
whereas bacterial and chloroplast N subunits are re-
leased as components of F1.
The 177-residue N subunit of E. coli is highly hel-
ical, and in its isolated form is substantially extended
[24]. During puri¢cation of the overexpressed subunit
from the soluble cell fraction, proteolytic cleavage
occurs readily, yielding a fragment containing resi-
dues 1^134 [25,26]. Wilkens and co-workers [26] an-
alysed this fragment by multidimensional NMR, de-
termining the solution structure of a domain
encompassing the ¢rst 105 residues. This domain
was folded as a compact 6-helix bundle with dimen-
sions of 45U20U30 Aî . The remaining residues ap-
peared to be less well ordered in both the fragment
and the intact subunit. This result is in agreement
with the susceptibility of the C-terminal region to
proteolysis in either the isolated subunit, or in F1
[27], and may also account for the extended shape
of N observed in earlier studies. The C-terminal do-
main is also predicted to be largely helical, and the
proximity of the two domains is indicated by the ease
of formation of a disulphide between the two cys-
teine residues present in the sequence at positions
64 and 140 [28].
7. The interaction of b2 and N
While an interaction between b and N was expected
based on their roles in binding F1 and F0, cross-link-
ing analysis of E. coli ATP synthase did not reveal b-
N as a product [16]. In chloroplast ATP synthase,
however, a zero-length cross-linking agent did pro-
duce a subunit I-N link [29], suggesting that the sub-
units are immediately adjacent to one another. Col-
linson and co-workers [6] showed the interaction of
beef heart mitochondrial b with OSCP, and addition-
al second stalk components, by reconstituting com-
plexes from individual overexpressed subunits; these
complexes were stable to puri¢cation by size exclu-
sion chromatography. Similar experiments using ex-
pressed E. coli N and b25ÿ156 revealed no complex
formation, presumably because of much weaker in-
teraction [25]. In 1997, Sawada and co-workers [11]
showed that E. coli N was essential for the interaction
of b with F1, and demonstrated an interaction be-
tween the two subunits in vivo using the yeast two-
hybrid system. The interaction of b and N has also
been seen qualitatively through the e¡ect of adding
the expressed soluble domain of b on the NMR spec-
trum of 15N-labelled N [13]. In our laboratory, the
(b34ÿ156)2N complex was characterized quantitatively
in vitro by analytical ultracentrifugation, a technique
well suited to the high concentrations required by the
low a⁄nity interaction [25]. Sedimentation equilibri-
um analysis showed the complex to have a b2N stoi-
chiometry, while sedimentation velocity studies
showed the complex, with a frictional ratio of 2.1,
to be even more extended than the individual sub-
units. These results suggest an end-to-end rather than
a side-by-side relationship. The interaction between b
and N appears to have a Kd of a few WM, similar to
the interaction of b25ÿ156 with F1. However, these
numbers re£ect not only the interaction of dimeric
b with N or F1, but also the monomer/dimer equilib-
rium of b.
Evidence from di¡erent organisms has indicated
that the interaction of b and N is mediated through
the C-terminal region of N. Binding of bovine mito-
chondrial OSCP to F0 was impaired by the removal
of ten residues from the C-terminus of the 190-resi-
due protein [30], possibly due to the elimination of a
C-terminal K-helix [31]. A similar loss of F0-binding
ability was observed when nine residues were deleted
from the C-terminus of yeast mitochondrial OSCP
[32]. The NMR spectrum of a fragment of E. coli N
containing residues 1^134, unlike that of the intact
177-residue subunit, was not a¡ected by addition of
b [13]. The exact proximity of critical residues to the
C-terminus of E. coli N is uncertain. Proteolytic deg-
radation of the C-terminus of N back to approxi-
mately residue 154 did not prevent the interaction
of F1 and F0 [27]. However, genetic deletion of
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four residues resulted in a predominantly cytoplas-
mic location of F1 [33].
Forms of soluble E. coli b truncated by one or four
residues at the C-terminus were impaired in their
interaction with F1 or isolated N [12]. To determine
if this e¡ect re£ected only the loss of conformation
described in Section 5, or if direct interactions of
these residues with N were involved, we introduced
cysteine residues near the C-terminus of b and car-
ried out chemical cross-linking from these sites using
a heterobifunctional agent [12]. Cysteines in position
155 or 1583 could be cross-linked to a site, probably
Met-158, in the C-terminal region of N. Only a frac-
tion of the b subunit in these experiments was cross-
linked to N ; another fraction of b subunit took on a
faster migration, suggesting formation of an intra-
molecular cross-link. These two fates may re£ect dif-
ferent environments of the C-termini of the two b
subunits; they cannot both interact with N in the
same way. The evolutionary development of the sec-
ond b-type subunit in photosynthetic organisms may
be an adaptation that enables each to optimally ¢t its
environment.
8. Interaction of the second stalk with F1 and F0
Interaction of the b2N stalk of E. coli with F1 de-
pends heavily on interactions of N with the N-termi-
nal region of the K subunits [34^37]. The role of the
extreme N-terminus of K is indicated by studies
showing that proteolytic removal of 15 residues
from the N-terminus of the K subunits blocks bind-
ing of N to F1 [34], and that a cysteine introduced at
position 2 of K can form a disulphide with either
naturally occurring cysteine at position 64 or 140
of N [36]. The ¢rst 25 residues of K were not resolved
in the mitochondrial F1 crystal structure [1], so their
conformation is unknown, and likely depends on the
presence of the interacting subunit, bacterial N or
mitochondrial OSCP.
The critical role of N in the interaction of b with F1
was clearly indicated by the demonstration that
N-depleted F1 does not interact with b [11], and the
involvement of the N-terminal domain in this inter-
action was shown by both deletion analysis [33] and
by the analysis of N fragments that remain bound to
F1 [27].
In order to reach from the membrane up the side
of F1 to N, parts of b must be located proximal to an
K or L subunit of F1. Rodgers and co-workers [18]
have reported the Cu2-dependent formation of a
disulphide link between cysteine introduced at the
C-terminal Leu-156 of b and Cys-90 of one of the
K subunits in puri¢ed ATP synthase. Since the posi-
tion of this residue in the enzyme is known from the
crystal structure, this result provides important infor-
mation regarding the location of the C-terminus of b
and the b-N interface. Recent work in our laboratory
has shown that photoactivatable heterobifunctional
agents can cross-link cysteine introduced into posi-
tion 92 or 109 of b to K and/or L in ATP synthase
present in membranes (D.T. McLachlin, S.D. Dunn,
unpublished observations). Together these results in-
dicate that b is proximal to the K3L3 hexamer
through parts of the dimerization domain as well
as in the N-binding domain.
Visualization of the second stalk in side-views
of puri¢ed ATP synthase through recent electron
microscopy studies [38,39] also lends support to a
close association of the second stalk with K3L3. In
such images, the second stalk is evident primarily
as a connection from the side of the membrane-
bound F0 sector up to the lower, outside edge
of K3L3, but not as a separate entity along the
side of F1. This connection and additional features
have also been observed recently in electron micro-
graphs of bovine mitochondrial ATP synthase
[40].
The formation of disulphides between cysteine res-
idues introduced into the membrane-spanning do-
main of b suggests that the two subunits are located
adjacent to one another in the membrane [9]. Evi-
dence also strongly supports interaction of b with a
in F0. Chemical cross-linking of puri¢ed E. coli F0 or
F1F0 produced a-b and a-b2 products [16,17]. An
interaction between a and b within the membrane
is supported by suppression of a G9D mutation in
b [41] by second site mutations at Pro-240 of the a
subunit [42]. Pro-240 falls within the last of the ¢ve
transmembrane helices of a [43,44]. The G9D muta-
tion is also partially suppressed by an A62C muta-
3 The 158C mutant contained two residues, Gly-157 and Cys-
158, added to the normally C-terminal Leu-156.
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tion in the c subunit [45]. While the latter result may
imply an interaction of b and c, the suppression may
be mediated through the a subunit.
9. The second stalk and stator function
In the current view of ATP synthase, the function
of the second stalk is that of a stator which links the
a subunit and the K3L3 hexamer of F1, holding these
two domains together against the rotary motion of
the c12QO rotor complex. There is substantial evidence
to support this model, but there are a number of
aspects which are not well understood, or which ap-
pear to be at odds with the observed properties of
b2N.
The ¢rst issue is the permanence of the second
stalk and its connection to K3L3. Once F1 and F0
are bound together, the stator is expected to remain
associated with one K subunit, or one KL pair, during
catalysis. In support of this idea, Ogilvie et al. [36]
reported that disulphide formation between N and the
introduced Cys-2 of one of the K subunits had little
or no e¡ect on coupled activities of the synthase.
Rodgers and co-workers [13,18] have likewise found
that linking the two b subunits together through di-
sulphides at a number of di¡erent positions was
without serious e¡ect on coupling. Recently we
have engineered a disulphide between cysteine resi-
dues introduced into position 158 of N and the added
position 158 of b ; this also had no e¡ect on coupled
activities (D.T. McLachlin, S.D. Dunn, unpublished
observations). While these results imply that the sec-
ond stalk is a permanent feature which remains as-
sociated with one K subunit or KL pair, Rodgers and
Capaldi [18] found that a disulphide between the C-
terminus of b and residue Cys-90 of K did block
coupling, suggesting that some movement or freedom
is essential in the b-K relationship. The permanent
interaction of the second stalk with one of the three
KL pairs distinguishes this pair from the other two,
and the di¡erence would be expected to have some
e¡ects on activity. Paul Boyer, who has argued per-
suasively that all substrate molecules follow the same
catalytic pathway, suggests that the di¡erence may
have no e¡ect on function, just as anchoring a motor
casing does not a¡ect the rotor function [46]. This
explanation will be more easily evaluated when more
knowledge of how b lies on the surface of K3L3 is
available. In the meantime, however, Kersten and co-
workers [47] have obtained evidence through the site-
speci¢c spin-labelling of residue 331 of L that the
addition of the cytoplasmic domain of b a¡ects the
conformation at the catalytic sites of F1 and brings a
larger number of those sites into a conformation that
seems to correspond to the open state. This result
suggests a possible role of b in mediating release of
product.
The second issue is the tensile strength of the sec-
ond stalk. In the treatment of the asymmetric Q
coiled coil as a rigid body [48], rotation of Q exerts
a torque on K3L3, and this torque needs to be resisted
by a stator so that the K3L3 is forced to change con-
formation rather than rotate with Q. Given the ex-
tended and potentially £exible structure of b2, and
the apparent weakness of the interaction between b
and N, b2N does not seem well designed to serve this
function. One can postulate that the interaction of
b2N with F1 markedly stabilizes the interaction, and
that some strength, rigidity or elasticity is thereby
imparted, allowing it to operate by the proposed
mechanism. Alternatively, the mechanism may re-
quire revision. The recent demonstration that
those residues at the C-terminus of Q which are
postulated to form the spindle for rotation of Q with-
in K3L3 could be deleted from the chloroplast ATP
synthase without any e¡ect on function [49] implies
that forces are not exerted within the enzyme as en-
visaged.
The third issue is the elasticity in the second stalk.
Wolfgang Junge and his group [50] have developed
the concept that the second stalk may function as an
elastic device which stores the energy accumulated
during rotation of QO prior to the conformational
change that allows release of product from the cata-
lytic site. How this energy might be stored will de-
pend on the structures of b2N in isolation and in the
ATP synthase. One potential elastic deformation
would be induction of a smooth bend in a helix, or
in a pair of associated helices, such that hydrogen
bonds are stretched or compressed, but not broken;
the dimerization domain described in recent work
from our laboratory o¡ers a device which could
function in this manner.
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